A r t i c l e s
The mucosal surface of the gastrointestinal tract is a crucial interface for the host, food-derived antigens, commensal microflora and invasive pathogens. Here the immune system must simultaneously protect against harmful pathogens, maintain the integrity of the intestinal architecture and remain tolerogenic to commensal bacteria, nutrients and self antigens. The intestinal mucosa of adult humans and mice shows enrichment for innate lymphoid cells (ILCs) that express the transcription factor RORγt, and these cells are crucial for maintaining the delicate balance of tolerance, immunity and inflammation of the gastrointestinal tract.
RORγt + ILCs are part of the expanding family of ILCs. They serve critical protective roles in immune responses to infectious organisms, are essential for the formation of lymphoid tissues and are important for tissue repair and remodeling 1, 2 . ILC lineages include natural killer (NK) cells, nuocytes or natural helper cells [3] [4] [5] , and RORγt + ILCs [6] [7] [8] . All ILCs are developmentally dependent on the transcriptional regulator Id2 (refs. 3,9) , which suggests that all ILCs develop from a common Id2-dependent precursor, then varying transcription factors act downstream to specify the ILC lineages: NK cells require 11) to develop, whereas nuocytes require GATA-3 (ref. 12) and RORα 5 , and RORγt + ILCs are dependent on RORγt 7 .
RORγt-dependent ILCs in the intestinal mucosa can be further categorized into several subsets with distinct but overlapping phenotypic and functional markers. Lymphoid tissue-inducer (LTi) cells represent the subset of RORγt + ILCs responsible for the induction of lymphoid tissues. This occurs mainly during fetal development; however, RORγt + ILCs that resemble LTi cells colonize the gut to form cryptopatches after birth. There, intestinal LTi cells secrete large amounts of interleukin 22 (IL-22) and IL-17 and recruit B cells and other lymphocytes to form isolated lymphoid follicles, which allows germinal center reactions that clear pathogens promptly 13, 14 . Intestinal LTi cells do not generally express lineage-specific markers but do express the stem-cell markers IL-7R and c-Kit. Nevertheless, LTi cells can express the T cell surface molecule CD4, which, together with expression of the chemokine receptor CCR6, delineates the following two distinct populations: CD4 + CCR6 hi cells and CD4 − CCR6 lo cells 8 .
Another subset of RORγt + ILCs is defined by its expression of the natural cytotoxicity receptor NKp46 and are thus called 'NKp46 + ILCs' . NKp46 + ILCs are found almost exclusively in the lamina propria of the intestine in the mouse, and their human counterpart has been found in tonsils 15 . NKp46 + ILCs are the most potent producers of IL-22, a cytokine crucial for tissue homeostasis and repair, as well as defense against intestinal pathogens such as Citrobacter rodentium, but they do not produce 17) . NKp46 + ILCs in the gut can have two distinct amounts of expression of RORγt and the activating NK cell receptor NK1.1. This allows the populations to be categorized as RORγt hi NK1.1 lo cells and RORγt int NK1.1 neg−int cells. Although the various subsets of RORγt + ILCs have been well characterized, the distinct transcription factors that diversify these cell types into functionally distinct cell types downstream of RORγt are unclear. Whether NKp46 + ILCs arise directly from LTi cells or represent a separate lineage that diverges from RORγt + precursor cells earlier in development remains controversial.
We now show that the development of NKp46 + ILCs intrinsically depends on expression of the transcription factor T-bet. Loss of T-bet not only led to a complete absence of NKp46 + ILCs but was essential for the direct transition of CD4 − LTi cells into NKp46 + ILCs in vivo and in vitro in a manner dependent on the signaling molecule Notch. Other ILC populations could not compensate for the loss of NKp46 + ILCs during infection with C. rodentium. Mechanistically, we found that NKp46 + ILCs with lower expression of T-bet had lower expression of Notch, and restoring Notch signaling in T-bet-deficient (Tbx21 −/− ) CD4 − LTi cells promoted the formation of NKp46 + ILCs. Thus, our data establish T-bet as the critical lineage-specifying regulator of the NKp46 + ILC, a crucial lymphocyte for intestinal homeostasis in the steady state and disease, through a Notch-dependent signaling pathway. RESULTS T-bet is essential for development of NKp46 + ILCs An emerging theme linking the innate and adaptive arms of the immune system is the considerable conservation of gene-regulatory programs that drive cell differentiation and cell-fate 'decisions' 18 7, 9 . T-bet has been linked to the development of both CD8 + T cells and NK cells 19, 20 , but its role in the lineage specification of those newly defined innate lymphocyte populations has not been investigated. To determine whether T-bet has a role in ILC development, we took advantage of RORγt-deficient mice with sequence encoding green fluorescent protein (GFP) in exon 1γt, the alternative first exon of Rorc used in expression of RORγt (Rorc(γt) GFP ; GFP thus also serves as a reporter of RORγt expression (RORγt-GFP)) 7 and surface receptor staining to track each of the ILC populations (Supplementary Fig. 1 ). We investigated ILC populations in naive Rorc(γt) +/GFP , Rorc(γt) +/GFP Tbx21 −/− and Rorc(γt) GFP/GFP mice (Fig. 1) . T-bet-deficient Rorc(γt) +/GFP Tbx21 −/− mice completely lacked NKp46 + ILCs in both the small intestine and the colon, whereas we readily detected LTi cells in these mice (Fig. 1a) . Immunohistochemistry of frozen sections confirmed that we could not detect NKp46 + RORγt-GFP + cells in the tissues of the small intestine from Rorc(γt) +/GFP Tbx21 −/− mice, despite the presence of cryptopatches (Fig. 1b) , an important site of localization of NKp46 + ILCs in normal gut tissues 17 . Counting of ILC populations in lymphoid and gastrointestinal tissues also confirmed the lack of NKp46 + ILCs (Supplementary Fig. 2) .
Analysis of T-bet expression in innate lymphocyte populations by intracellular staining and mRNA analysis showed high expression of T-bet in both NKp46 + ILCs and lineage-negative (Lin − ) RORγt-GFP -NKp46 + NK1.1 + NK cells isolated from the intestine, whereas T-bet was not expressed in LTi cells (Fig. 1c) . The related T-box factor eomesodermin (Eomes), which serves functions similar to those of T-bet in CD8 + T cells and NK cells, was not expressed in NKp46 + ILCs or LTi cells (Supplementary Fig. 3a) . Thus, T-bet, not Eomes, seemed to have a crucial role in the development of NKp46 + ILCs. Like T-bet, the transcriptional repressor Blimp-1 (encoded by Prdm1) had very different expression in LTi cells versus NKp46 + ILC populations ( Supplementary Fig. 3b ). However, mice with homozygous deficiency in Blimp-1 (with sequence encoding GFP in both Prdm1 alleles (Prdm1 GFP/GFP ); GFP thus also serves as a reporter of Blimp-1 expression (Blimp-1-GFP)) 21 did not have any defect in the development of ILC subsets (Supplementary Fig. 3c ). Thus, whereas Blimp-1 was dispensable for ILC differentiation, T-bet was essential for this.
Loss of NKp46 + ILCs is not due to receptor regulation T-bet is a critical regulator of many aspects of lymphocyte differentiation and may simply affect the expression of key cell surface receptors, such as NKp46, used to identify ILCs. As Tbx21 −/− NK cells retained normal expression of NKp46, our failure to detect NKp46 + ILCs in Tbx21 −/− mice was probably not due to dysregulation of NKp46 (Fig. 2a) . In addition, the expression of surface markers that would be characteristic of a contaminating NKp46 + ILC population was also unaltered in Rorc(γt) +/GFP Tbx21 −/− LTi cells (Fig. 2b) . Thus, NKp46 + ILCs required T-bet for their development, and our failure to detect this population was not due to loss of receptor expression on the cell surface.
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Cell intrinsic regulation of NKp46 + ILC development by T-bet
Loss of T-bet in the hematopoietic compartment results in the dysfunction of various cells of the immune system in the intestine. For example, T-bet-deficient dendritic cells produce much more tumornecrosis factor, which could influence ILCs 22 . Therefore, we investigated whether the absence of T-bet affected the development of NKp46 + ILCs by a cell-intrinsic mechanism. We generated mixedfetal liver chimeras by mixing congenically marked Rorc(γt) +/GFP Tbx21 +/+ (Ly5.2 + Ly5.1 + ) fetal liver cells and Rorc(γt) +/GFP Tbx21 −/− (Ly5.2 + ) fetal liver cells at a ratio of 1:1 and transplanting the mixture into irradiated Ly5.1 + recipient mice, which allowed us to trace the hematopoietic origin of LTi cells, NKp46 + ILCs and NK cells. At 8 weeks after reconstitution, T-bet-sufficient fetal liver progenitor cells reconstituted the NK cell, LTi cell and NKp46 + ILC populations. In contrast, Rorc(γt) +/GFP Tbx21 −/− fetal liver progenitor cells reconstituted the LTi cell population normally and the NK cell population poorly and completely failed to reconstitute the NKp46 + ILC population (Fig. 2c) . Thus, the similar and specific loss of NKp46 + ILCs in both intact mice and fetal liver chimeras showed that this defect was cell intrinsic.
To determine where the defect in generation of NKp46 + ILCs arose, we investigated precursors of ILCs present in fetal liver 23 . Analysis of liver cells at embryonic day 14.5 showed no substantial difference between the Rorc(γt) +/GFP Tbx21 +/+ and Rorc(γt) +/GFP Tbx21 −/− strains ( Supplementary Fig. 4) . Additionally, in adult mice, the size and number of Peyer's patches did not differ in the two strains ( Supplementary Fig. 5 and data not shown), and organs such as the kidneys, liver and lungs had normal architecture with no evidence of inflammation (Supplementary Fig. 5 ), which indicated that the loss of Tbx21 did not obviously disrupt the formation of secondary lymphoid tissues.
Nuocyte development does not require T-bet
We further investigated whether T-bet expression was also essential for other related ILC populations, such as nuocytes, in addition to its requirement for the development of NKp46 + ILCs 5 . For this, we studied mice with sequence encoding GFP in both alleles of Id2 (Id2 GFP/GFP ); in these mice, GFP serves as a reporter of normal endogenous Id2 expression (Id2-GFP) and marks all ILC populations 24 . Similar to LTi cells and NKp46 + ILCs, nuocytes in Id2 GFP/GFP mice had high expression of Id2-GFP (Supplementary Fig. 6a ). However, in contrast to the lack of NKp46 + ILCs in Id2 GFP/GFP Tbx21 −/− mice, nuocytes were present in normal numbers and frequency and had normal expression of Id2-GFP in these T-bet-deficient mice (Supplementary Fig. 6b-e) . In addition, the ability of nuocytes to produce the cytokine IL-13 and mediate the recruitment of eosinophils to the peritoneal cavity was unaltered (Supplementary Fig. 6f-h) . Thus, T-bet seemed to be specifically involved in the regulation of NKp46 + ILCs.
T-bet is critical for host defense against C. rodentium As we noted no pathology by gross histology, we investigated the importance of NKp46 + ILCs after infection with C. rodentium. In this model, IL-22 production has a crucial role in protection against A r t i c l e s the dissemination of C. rodentium, and NKp46 + ILCs are a key producer of this cytokine 16, 25 . The adaptive immune system clears C. rodentium, and T-bet is involved in this 26, 27 . We therefore studied infected mice before they cleared C. rodentium, at day 8 of infection, to assess the innate response. At that time, Tbx21 −/− mice had shorter colons, together with more mucosal hyperplasia and inflammation, relative to that of wild-type mice (Fig. 3a,b) . Furthermore, infected Tbx21 −/− mice had more bacterial dissemination into the liver and spleen than did wild-type mice (Fig. 3c) . Such enhanced susceptibility to infection with C. rodentium correlated with the loss of NKp46 + ILCs and fewer IL-22-producing RORγt-GFP + ILCs in Rorc(γt) +/GFP Tbx21 −/− mice than in Rorc(γt) +/GFP Tbx21 +/+ mice (Fig. 3d) . Thus, NKp46 + ILCs were crucial for innate responses to infection with C. rodentium and, notably, other ILC populations were not able to compensate for their absence.
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Notch and T-bet regulate NKp46 + ILC development
To determine whether T-bet influenced the ability of mature LTi cells to differentiate into NKp46 + ILCs in vivo, we purified innate lymphocyte subsets from Rorc(γt) +/GFP Tbx21 +/+ and Rorc(γt) +/GFP Tbx21 −/− mice, then adoptively transferred those cells into recipient mice deficient in recombination-activating gene 2 and the common γ-chain, which lack all ILCs 28 . After 14 d, we recovered the transferred LTi cells and NKp46 + ILCs (RORγt-GFP int and RORγt-GFP hi ) from the lamina propria of the small intestine. Although Rorc(γt) +/GFP Tbx21 +/+ LTi cells were able to differentiate into NKp46 + ILCs, Rorc(γt) +/GFP Tbx21 −/− cells did not generate NKp46 + ILCs (Fig. 4a) . Notably, NKp46 + ILCs generated from T-bet-sufficient LTi cells did not have high expression of NK1.1 or the cytolytic molecule perforin, which distinguishes them from classic NK cells (data not shown). We obtained the same results with recipient mice infected with C. rodentium to induce an inflammatory state (data not shown). Thus, mature LTi cells were able to give rise to NKp46 + ILCs in vivo, in line with published observations 28 , but were unable to do this in the absence of T-bet.
The cues responsible for driving the transition from LTi cell to NKp46 + ILC are largely unknown, although Notch signaling has been linked to this 29, 30 . To further explore the relationship between T-bet and Notch in the differentiation of NKp46 + ILCs, we cultured purified ILC populations from Rorc(γt) +/GFP Tbx21 +/+ and Rorc(γt) +/GFP Tbx21 −/− mice on OP9 stromal cells or OP9 stromal cells expressing the Notch ligand DL1 (OP9-DL1 cells) in the presence of the lymphocyte-differentiating cytokines IL-7, SCF and Flt3L, and analyzed their differentiation (Fig. 4b) . After 9 d, Rorc(γt) +/GFP Tbx21 +/+ LTi cells generated NKp46 + ILCs only when exposed to the Notch ligand DL1, whereas Rorc(γt) +/GFP Tbx21 −/− LTi cells did not generate that subset. Rorc(γt) +/GFP Tbx21 +/+ NKp46 + ILCs generated in vitro also upregulated their expression of T-bet solely in the presence of the Notch ligand DL1 (Fig. 4c) . However, in the absence of T-bet or when a Notch-blocking antibody was added to Rorc(γt) +/GFP Tbx21 +/+ cultures, induction of the NKp46 + ILC population was either blocked or considerably diminished, respectively (Fig. 4b,c and data not shown) . Collectively, these data demonstrated a previously unappreciated link between T-bet and Notch signaling in the differentiation of NKp46 + ILCs.
NKp46 + ILCs had two distinct amounts of RORγt-GFP expression, but the similar expression and requirement for T-bet in both populations suggested that these subsets were closely related, although the exact relationship between them remained unclear. After in vitro exposure to the Notch ligand DL1, LTi cells generated mainly RORγt-GFP int cells (Fig. 4b) . In contrast, adoptive-transfer experiments showed that the RORγt-GFP hi phenotype was relatively stable and that the RORγt-GFP int NKp46 + subset produced a large proportion of RORγt-GFP hi cells (Fig. 4a) , which suggested interconversion between these populations. CD4 − , not CD4 + , LTi cells give rise to NKp46 + ILCs NKp46 + ILCs arose as progeny of LTi cells 28 (Fig. 4) , but the contribution of CD4 + or CD4 − LTi cells to the differentiation of NKp46 + ILCs remained unclear. We counted all ILCs and found more LTi cells in the gastrointestinal tract of Rorc(γt) +/GFP Tbx21 −/− mice than in that of Rorc(γt) +/GFP Tbx21 +/+ mice (Supplementary Fig. 2b ). We noted a greater abundance of only the CD4 − LTi subset (Fig. 5a,b) , which suggested that loss of T-bet may have prevented the developmental progression specifically from CD4 − LTi cells into NKp46 + ILCs. 
A r t i c l e s
Indeed, in our OP9-DL1 culture system, NKp46 + ILCs differentiated only from sorted CD4 − LTi cells, not from CD4 + LTi cells (Fig. 5c) . Thus, these data demonstrated that CD4 − LTi cells were the direct precursor of NKp46 + ILCs and that this developmental step required both T-bet and Notch signaling.
Notch drives CD4 − LTi cells to become NKp46 + ILCs
To determine whether direct interaction between T-bet and Notch was required for the differentiation of NKp46 + ILCs, we first analyzed the expression of Notch1 and Notch2 in ILC populations from the small intestine of Rorc(γt) +/GFP Tbx21 +/+ mice and haploinsufficient Rorc(γt) +/GFP Tbx21 +/− mice (Fig. 6a) . NKp46 + ILCs isolated from Rorc(γt) +/GFP Tbx21 +/− mice had lower expression of both members of the Notch family (Fig. 6a) . To search for putative T-bet-binding sites in Notch1 and Notch2, we examined published analyses of T-bet in T helper type 1 cells by chromatin immunoprecipitation (ChIP) followed by deep seqencing 31 . This showed a T-bet-binding site in intron 2 of Notch1 and in the promoter of Notch2 (data not shown).
To determine whether T-bet also bound to Notch1 and Notch2 in ILCs, we did ChIP analysis of in vitro-cultured NK cells, an ILC lineage that we were able to obtain in sufficient numbers for ChIP analysis. In these conditions, we observed occupancy by T-bet only in Notch2 and not in Notch1 (Fig. 6b) . Although these data suggested that T-bet directly regulated Notch2 in NKp46 + ILC differentiation, the mechanism by which T-bet controls Notch1 remains to be determined. To further explore the relationship between T-bet and Notch signaling in the differentiation of NKp46 + ILCs, we expressed T-bet or the intracellular domain of Notch in Tbx21 −/− LTi cells by lentiviral transduction and cultured those cells for 5 d on OP9 or OP9-DL1 cells (Fig. 6c) . Ectopic expression of T-bet was able to restore the generation of NKp46 + ILCs from Tbx21 −/− LTi cells in a Notch signaling-dependent manner. More notably, expression of a constitutively activated form of Notch was sufficient to restore the differentiation of NKp46 + ILCs in the presence or absence of the Notch ligand DL1 (Fig. 6c) . Such regulation of Notch2 (and potentially Notch1) by T-bet identifies a previously unknown, distinct pathway that drives the differentiation of NKp46 + ILCs from LTi cells to promote lineage diversity in the innate lymphocyte family. 32, 33 . CD4 + LTi cells in Peyer's patches are affected only mildly by the absence of AhR relative to its effect on CD4 − LTi cells, although those in the lamina propria of the small intestine are fewer in number than are CD4 − LTi cells 30, 32 . Diminished Notch signaling via deletion of RBP-Jκ, a DNA-binding protein that associates with the intracellular domain of Notch and mediates transcription, results in a 'preferential' loss of NKp46 + ILCs and a minor decrease in the abundance of CD4 − ILCs, whereas NK cell numbers remain intact 30 . Collectively, such findings are consistent with the idea that development of the CD4 + LTi subset occurs during embryogenesis before AhR signaling and that CD4 + LTi cells represent the classic LTi cells that colonize the fetal gut and lymphoid tissue anlagen necessary to induce lymphoid tissue organogenesis. In contrast, CD4 − LTi cells, which are required for the development of isolated lymphoid follicles and NKp46 + ILCs, seem to be a functionally distinct lineage. Thus, we have demonstrated a direct link between the CD4 − LTi cells and NKp46 + ILCs, but further investigation will be needed to delineate the developmental relationship between the CD4 + and CD4 − LTi subsets.
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CD4 + LTi cells have been identified as a dominant source of IL-22 through an IL-23-dependent pathway after infection with C. rodentium, which shows a chief contribution of this subset to enteric bacterial infections 34 . This cell type dominated early in infection, whereas CD4 − LTi cells were much less efficient at producing IL-22. However, the specific effector functions of CD4 − LTi cells and NKp46 + ILCs independently of those of other RORγt + ILCs have not been studied. The specific requirement for T-bet in the development of NKp46 + ILCs allowed us to study the role of NKp46 + ILCs during inflammation independently of that of other RORγt + ILC subsets. We found that the failure to develop NKp46 + ILCs in the absence of T-bet was accompanied by much less IL-22 production and diminished protection during infection with C. rodentium. Those results were in line with the published finding that T-bet is also important for IL-22 production 26 . Mice deficient in IL-22 or IL-23 are highly susceptible to infection with C. rodentium and die within 2 weeks 16 . Nevertheless, the cell type critical for the production of IL-22 that drives protection has remained unclear. NKp46 + ILCs were potent producers of IL-22 and, most notably, loss of these cells in the absence of T-bet was marked by the failure of other ILC subsets to compensate for this loss and clear the pathogen. Thus, T-bet-dependent NKp46 + ILCs are an essential component of the protective IL-22 intestinal immune armory.
The transcriptional network that guides the differentiation of ILC populations is progressively being clarified. The repressor Id2 and RORγt are the key transcription factors that specify the earliest stages of ILC differentiation 3, 7, 9 . We have now added T-bet to that list as a key regulator of NKp46 + ILCs. T-bet and Eomes are highly homologous T-box transcription factors with important roles in regulating the function of B cells, dendritic cells, helper T cells, cytotoxic lymphocytes, NK cells and NKT cells 20, 35 . Many functions of these transcription factors seem to be redundant, particularly in the regulation of the effector functions of CD8 + T cells and NK cells. However, we did not observe any expression of Eomes in NKp46 + ILCs, which indicated that Eomes and T-bet operate in a nonredundant manner in this lineage. Therefore, T-bet expression by NKp46 + ILCs pivotally affects their differentiation independently of Eomes.
Whether NKp46 + ILCs are the progeny of LTi cells has been the subject of much debate 6 . We have demonstrated here that NKp46 + ILCs were the progeny of CD4 − LTi cells and that T-bet-Notch signaling was essential for the differentiation of NKp46 + ILCs. Such differences in the requirement for T-bet by CD4 − LTi cells indicates that they are a distinct functional subset involved in postnatal immune responses, separate from the CD4 + LTi cells that are essential for the embryonic development of lymphoid tissues. The developmental relationship between CD4 + and CD4 − LTi cells should be addressed in future studies, particularly in establishing whether there is plasticity in these two subsets.
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